Abstract Endophthalmitis is an uncommon but potentially devastating intraocular infection that can occur after routine cataract surgery. Prevention is of great importance because of potentially severe consequences of endophthalmitis. Various routes of administration of antibiotics have evolved, including preoperative topical, intraoperative (infusion, intracameral), and postoperative subconjunctival and topical routes. There is growing evidence that intracameral injection of antibiotics at the conclusion of surgery is an effective method of endophthalmitis prophylaxis. The intracameral route of administration is supported by randomized controlled trial data. The evidence supporting subconjunctival antibiotic prophylaxis is retrospective and less conclusive.
Pediatric cataracts are common and are one of the most treatable causes of lifelong visual impairment in this population. Presently, the only known treatment for a cataract is the surgical removal of the opaque lens. Endophthalmitis is an infrequent but devastating complication of lens-removal surgery. The necessary removal of the posterior capsule in very young patients to prevent reopacification theoretically gives bacteria easier access to the vitreous cavity. The overall incidence of endophthalmitis is reported as approximately one in 1,000 (0.1 %) in adults [1 •• ] . It is unclear whether children have a higher or lower rate of endophthalmitis. Good et al. [2] reported an incidence of 0.45 % in children. Wheeler et al. [3] surveyed 500 pediatric ophthalmologists and reported an endophthalmitis incidence of 0.07 % following pediatric intraocular surgery for cataracts and congenital glaucoma. The Infant Aphakia Treatment Study reported endophthalmitis in one of 114 eyes (0.88 %).
Endophthalmitis prevention is better than post de facto cure since the visual morbidity is high even with appropriate treatment. Although prevention is essential for any cataract surgery, eyes with traumatic cataract, reoperation (e.g., secondary intraocular lens), and immediately sequential bilateral cataract surgery may need more aggressive prophylaxis. Practice patterns for prophylaxis of endophthalmitis in children have typically mirrored those applied to adults. In addition to preoperative sterile preparation of the surgical site and proper draping methods, povidone-iodine application prior to cataract surgery remains a universal practice, and is backed by good-quality evidence [4] . In addition, the use of prophylactic antibiotics is almost universal. However, variations have been observed in the route of administration of antibiotics. Although some oral quinolones may achieve significant intraocular levels, many systemically administered antibiotics have not demonstrated good intraocular penetration. Consequently, various routes of administration have evolved, including preoperative topical, intraoperative infusion/intracameral, and postoperative subconjunctival routes (Table 1) [5] .
Among the earliest prophylactic techniques to be adopted was postoperative subconjunctival injection of antibiotics. Subconjunctival administration may offer better prophylaxis by behaving as a depot preparation and prolonging the availability of the antibiotic via sustained absorption through the ocular coats. The increased duration of intraocular antibiotic levels may impede the establishment of pathogens during the crucial early wound-healing period. Evidence of the benefit of injecting antibiotics into the subconjunctival space at the close of surgery is inconclusive and is associated with risks that include intraocular toxicity with the potential for macular infarction when aminoglycosides are used. A review of the available literature indicates that it may be relevant but cannot be definitely related to clinical outcome (C level evidence) [4] . Ciulla et al. [4] noted that the data supporting the use of subconjunctival antibiotics are somewhat stronger than the data supporting the use of several other prophylactic interventions which also received the clinical recommendation of ''C'' (including preoperative lash trimming, preoperative saline irrigation, preoperative topical antibiotics, irrigating solution containing antibiotics, and the use of heparin). This evidence-based study analysis was performed prior to the European Society of Cataract and Refractive Surgeons (ESCRS) study of intracameral antibiotics, which is described below. Efficacy of a subconjunctival injection of antibiotics (DuoCat) has been reported in experimental studies [6] .
The most frequent complaint of parents after pediatric cataract surgery and subconjunctival injection relates to subconjunctival hemorrhage at the site of the injection. Despite the excellent technical outcomes, parents are frequently apprehensive because of the appearance of red eyes. For this reason, some surgeons inject the drug superiorly, in an attempt to hide the hemorrhage under the upper eyelid. Conjunctival bleeding can be avoided by using an intracameral route for the drug, as will be discussed below. Intraocular penetration of subconjunctival antibacterials can differ significantly. When a subconjunctival injection is given, the bleb should be created as close to the incision as possible to ensure the highest concentration of intraocular antibiotic.
A direct injection of an antibiotic into the anterior chamber following surgery should theoretically be the most efficient method for delivering therapeutic antibacterial concentrations to the eye at the end of surgery [7 •• ] . The ESCRS multicenter randomized prospective study of the prophylactic effect of intracameral cefuroxime injection at the conclusion of the procedure and/or perioperatively administered levofloxacin eye drops on the incidence of endophthalmitis after phacoemulsification in adult eyes was halted early because of a beneficial effect of intracameral cefuroxime injection [8] . With data from 13,698 patients with complete follow-up records, the investigators found that the odds ratio for developing endophthalmitis was 4.59 [95 % confidence interval (CI) 1.74-12.08; P = 0.002] in the group not receiving intracameral cefuroxime injection. Clinicians have argued that there is no evidence that a change to intracameral cefuroxime injection would be a more effective prophylaxis if a relatively low acceptable rate of endophthalmitis is already being achieved with subconjunctival cefuroxime injection. Despite this criticism, more and more physicians are using the intracameral route. Our current anti-infective protocol for pediatric cataract surgery at Storm Eye Institute includes intracameral injection of moxifloxacin (0.1 mL of 50 % dilution, 250 lg). Each milliliter of Vigamox solution contains 5 mg (5,000 lg). We no longer administer subconjunctival antibiotics at the conclusion of surgery.
The ESCRS study did not compare the intracameral route with the subconjunctival delivery of antibiotics. The very high concentration of antibiotic achieved from intracameral injection is reduced 1.5-2 h after surgery; therefore, intracameral antibiotics alone offer no protection if there was bacterial ingress after the completion of the surgery, as might be expected in the case of a wound leak following surgery [7 •• ] . Comparison of intracameral injection and subconjunctival injection of cefuroxime as a prophylactic agent in cataract surgery has been reported in a retrospective study in an adult population [9] . The study included 36,743 phacoemulsification cataract procedures. The mean rate of presumed infectious endophthalmitis was 0.95 per 1,000 cases. The incidence of endophthalmitis was higher in the group receiving subconjunctival injection of cefuroxime than in the group receiving intracameral injection of cefuroxime; the difference was statistically significant, with an odds ratio of 3.01 (95 % CI 1.37-6.63) [9] . Tan et al. [10 •• ] reported the overall incidence of postoperative endophthalmitis in 50,177 subjects was 0.042 %. Between July 1999 and June 2006, the medications given at the end of cataract surgery were subconjunctival injections of cefazolin (1 mg in 0.1 mL), gentamicin (0.2 mL of 80 mg in 2 mL), and dexamethasone (0.4 mg in 0.1 mL). During these 7 years, when all immediate postoperative antibiotic agents were administered by subconjunctival injection, there were 19 cases in 29,539 surgical procedures (0.064 %, 64.3 per 100,000). From July 2006 forward, cefazolin was given as an intracameral injection (1.0 mg in 0.1 mL) instead and gentamicin and dexamethasone continued to be administered subconjunctivally. After the introduction of intracameral injection of cefazolin, there were two cases of endophthalmitis in 20,638 subjects (0.010 %, 9.7 per 100,000). The reduction in the incidence of endophthalmitis after the use of intracameral injection of cefazolin was statistically significant (univariate odds ratio, 6.64; 95 % CI 1.55-28.5; P = 0.003) [10 •• ] . Both patients with endophthalmitis who presented after the use of intracameral injection of cefazolin had very poor visual outcomes; the eye in one patient was eviscerated, and the other patient had a visual outcome of light perception only. It has been suggested that although intracameral antibiotic agents may reduce the overall rates of endophthalmitis, the remaining organisms that cause infection may be more virulent and result in a poorer outcome.
Although the intracameral delivery of antibacterials has been shown to be effective in preventing endophthalmitis, the optimal choice of drugs has yet to be determined. Commonly used doses for intracameral use in adult eyes undergoing cataract surgery are are listed in Table 2 . Intracameral injection of cefuroxime is widely used in Europe but is used less often in the USA, where some physicians have expressed concerns regarding risks of contamination or dilution errors during the compounding process (preparing drugs for ocular use) that could cause ocular toxicity. These concerns include risks associated with preparing the solution, including dilution errors, bacterial contamination, or toxic anterior segment syndrome. To overcome these concerns, intracameral use of moxifloxacin has been suggested as an alternative. Several recent reports have focused on the use of intracamerally injected preservative-free moxifloxacin since it does not require a detailed dilution when taken from the commercially available topical solution and used intracamerally. Of the late-generation topical fluoroquinolones, moxifloxacin has been studied most, in part because one of its commercially available topical formulations (Vigamox) is already preservative-free and seems to have no obvious toxic effects if it is injected into the anterior chamber [11] . An intracameral injection of 250 lg of moxifloxacin produces an aqueous humor concentration of 710-1,250 lg/ mL (250 lg, 0.2-0.35 mL) with less systemic effects and less risk of antibiotic resistance compared with other routes of administration [12] . Since aqueous humor is formed at a rate of 2-3 lL/min, the high aqueous humor concentration should be maintained for 1.5-2 h after surgery [11, [13] [14] [15] .
There is a concern that late-generation fluoroquinolones may be less effective in preventing endophthalmitis caused by methicillin-resistant Staphylococcus aureus [11] . Although intracameral injection of cefuroxime has proven to be efficacious in preventing postoperative endophthalmitis overall, its activity against enterococci is poor. Several of the endophthalmitis cases in eyes receiving intracameral injection of cefuroxime were caused by enterococci, and these had a poor visual outcome [7 •• ] . Cefuroxime concentrations higher than 2.75 mg/mL and vancomycin concentrations higher than 5.0 mg/mL have been shown to cause a significant reduction in corneal endothelial cell viability [16] . This study reported dosedependent toxicity of cefuroxime and vancomycin toward human corneal endothelial cells in vitro with a narrow range of safety and concluded that although the clinically used concentrations seem to be safe, slightly higher concentrations might induce irreversible cell death and thus should be avoided [16] .
Vancomycin is also commonly used as an intracameral antibiotic. However, as vancomycin is commonly used for the treatment of endophthalmitis, the US Centers for Disease Control and Prevention guidelines caution against the addition of vancomycin to infusion fluids to avoid resistance to the organisms. Some authors argue that intracameral use in ophthalmology carries a very low risk of producing resistance [17] . Another concern about using vancomycin is an increased incidence of cystoid macular edema after cataract surgery with intraocular vancomycin [18] .
Summary
Given the seriousness of endophthalmitis as an adverse event, the optimal choice and mode of delivery of perioperative antibiotic agents remain important issues. Evidence is stronger that intracameral antibiotics reduce endophthalmitis compared with subconjunctival antibiotics. Surgeons must weigh that evidence against the potential for toxicity if intracameral drugs are not properly compounded. Given the absence of clear evidence about the benefit of many prophylactic measures, it is up to the ophthalmologist to decide on the use of any particular strategy in addition to povidone-iodine in the perioperative period. A review of the literature shows the data supporting the use of intracameral antibiotics to be stronger than the data supporting the use of subconjunctival antibiotics. Moxifloxacin: 250 lg of moxifloxacine (Vigamox brand has no preservative) given as 0.05 mL of undiluted [19] or 0.1 mL if diluted 1 to 1 with balanced salt solution. Prepare solution from a newly opened bottle using a tuberculin syringe
